Synopsis Biogenic forces alter sediment characteristics along several axes with important consequences for structure of benthic communities. The usual axes discussed are those of sediment stabilization versus resuspension and mobile versus temporally persistent organisms. A third axis of bioadvection is typically subsumed within the others. Here we argue that given the complex fluid dynamics resulting from the bidirectional forces that organisms exert on porewater, bioadvection needs to be examined separately. The probable major players in generation of bioadvection are described with impacts on transport both of materials and heat. Illustrations are given of the bidirectionality of bioadvection and the resultant changes in oxygenation either surficially or at depth, as well as of heat transport both laterally within the sediment and vertically.
Introduction
One of the first attempts to characterize interactions among infauna based on their modification of habitats was trophic group amensalism which transformed the ecological view of sedimentary systems. It was first suggested by Rhoads and Young (1970) , focusing on modifications of sediments and increased resuspension of material by deposit feeders that resulted in reduction of the abundance of suspension feeders. Brenchley (1981 Brenchley ( , 1982 later enlarged its scope to focus more on impedance to mobility, including physical alterations by sediment stabilizers (e.g., angiosperms and tube builders) versus large, sediment-destabilizing bioturbators (e.g., arenicolid polychaetes and thalassinid crustaceans). Importantly, trophic group amensalism and its subsequent modifications, which were based on the mobility of organisms, focused attention on reworking or stabilization of particles by organisms and how community dynamics reflect such biogenic changes in sediments (e.g., Levinton 1995; van Wesenbeeck et al. 2007; Volkenborn et al. 2009 ). The focus was primarily on biogenic alteration of the stability and resuspension of sediments and how that affected the composition of communities (e.g., Rhoads et al. 1978; Rhoads and Boyer 1982; Pillay et al. 2007a) . Less attention has been paid to biogenic advection of porewater as important to the structuring of benthic communities; yet, inherent to large infauna moving within sediments is hydraulic forcing of sediment by organisms (Trueman 1975; Wethey et al. 2008; Volkenborn et al. 2010) . [For a discussion of movement in gel-like, impermeable muds see Dorgan et al. (2006 Dorgan et al. ( , 2008 .] Organisms typically pump water into and out of sediments during burrowing, feeding, and defecation and these activities modify the local pressure field within the porewater, causing flow of porewater away from and towards the animal (Wethey et al. 2008; Volkenborn et al. 2010) . Such porewater movements, often independent of sediment reworking activities, are accompanied by a plethora of alterations, including changes in the availability of electron acceptors and donors at depth in the sediment as well as surficially (e.g., Welsh 2003; Meysman et al. 2005; Timmerman et al. 2006) , probable alteration of the chemical signature of the surficial sediment (Marinelli 1992) , creation of cracks and voids within the sediment (Volkenborn et al. 2010) , and modification of modes and frequency of heat transfer (see below). All of these alterations in sediment structure, sediment stability, and frequency of porewater exchange fall within the rubric of ecosystem engineering, i.e., changes to the physical habitat by organisms resulting in alteration of rates of transfer of materials or heat (Jones et al. 1994; Gutiérrez and Jones 2006) . This article illustrates the importance of bioadvection as a component of ecosystem engineering, separate in its effects from the biogenic forces arrayed along the axes of stabilization to bioturbation and mobile to sedentary. First, we briefly review the traditional view of stabilization versus bioturbation crossed with mobility. We then contrast those processes with bioadvection and ask how the interface of these forces is structured. We then ask which types of organisms are responsible for such bioadvective forces and in which types of sediments we expect bioadvection of porewater to be significant. Examples of the impact of bioadvection on sediment properties are given using both oxygen dynamics and heat flux.
Axes of stabilization to bioturbation and mobile to sedentary
Traditionally the principal perspective of effects of ecosystem engineers in sediments has been stabilization versus destabilization. Stabilizing species at high densities, scaled to diameter of the structure, reduce movement of sediments induced either by water or by biotic forces (Eckman et al. 1981; Eckman 1983) . Examples include angiosperms, large tube-building polychaetes, and mats of small tube-building crustaceans and polychaetes (Mills 1967; Featherstone and Risk 1977; Woodin 1978; Brenchley 1982; Rhoads and Boyer 1982) . In contrast, classical bioturbators lead to increases in resuspension of surficial sediment, high rates of sedimentary movement, and reduced resistance to lateral forces. Examples include nuculanid bivalves and burrowing urchins (Rhoads and Young 1970; Rhoads et al. 1978; Brenchley 1982; Lohrer et al. 2004) . A second distinct group of bioturbators cause high rates of turnover of sediment from depth to surface, may increase rates of resuspension, and often add emergent structures that cause physical advection (Huettel et al. 1996) ; examples are arenicolid polychaetes and some thalassinid crustaceans (de Vlas 1979; Suchanek 1983; Thayer 1983) . As discussed by Rhoads and Young (1970) , Brenchley (1982) , Posey (1986) , Reise (2002) and others, the biotic effects are a function of the activities of the organisms and thus are density-and size-dependent. Not explicitly addressed in these papers but implicit in the argument is the enhancement or disruption of adhesive materials generated by microbes as well as by larger organisms [Jumars and Nowell (1984) but see Luckenbach (1986) for significant confounding secondary effects]. In experimental manipulations of these systems, in the case of the stabilizers, but not the bioturbators, it is often the structure that causes the organisms' influence on the system (i.e., autogenic ecosystem engineering, sensu Jones et al. 1994) , so experimental manipulations can use passive mimics such as inert, artificial tubes or roots (Woodin 1978; Brenchley 1982 , see however Cummings et al. 1996 . For manipulations of systems with bioturbators, passive mimics are not effective because the effect is due to the activities of the organisms, not to the structures that they build (i.e., allogenic ecosystem engineering).
Ecosystem engineers in marine sediments alter the habitat as a result of both their density and their functional traits. The density effect is complex. For example, at high densities for a given tube size, sedimentary stability is enhanced; below that density, not only is the stabilizing effect absent, but due to increased turbulence associated with emergent structures, erosion is enhanced (Eckman et al. 1981) . The outcome of ecosystem engineering may also be dependant upon the environmental setting, i.e., the hydrodynamic exposure, concentration of suspended matter, texture of the sediment, and period of emersion Volkenborn et al. 2007 ). These interdependencies have obvious consequences for questions of facilitation, inhibition, and resilience of such assemblages (Thrush et al. 2009) . A second important complication is the relative temporal persistence of the bioturbating species. Stabilizers are inherently somewhat fixed in spatial position with slow (weeks to months), spatial transitions involving lateral growth (for example of margins of seagrass beds or apparent recruitment to tubes of adults) (Brun et al. 2003; Callaway 2003) . In contrast, bioturbators can be quite mobile, such as the burrowing urchins (Lohrer et al. 2004) or relatively sedentary with persistence for days or weeks, such as the arenicolid polychaete Abarenicola pacifica (Krager and Woodin 1993) . Sedentary species drive spatially coherent local effects both by changes in fluid dynamics and by biodeposition (Hewitt et al. 1997 (Hewitt et al. , 2005 (Hewitt et al. , 2007 Pillay et al. 2007b ) but the differences fade as densities increase and spheres of influence overlap (Wethey et al. 2008) .
Density and temporal persistence themselves interact at multiple spatial scales across the sedimentary landscape. Organisms with temporal persistence and strong density effects may appear as patches in the sedimentary landscape, either as a temporal mosaic driven by the history of disturbance (Johnson 1971) or because of competitive tension and preemption followed by inhibition (Brenchley 1982) . Organisms such as the mobile bioturbators may be patchily distributed over spatial scales of hundreds of meters but are unlikely to be aggregated in this manner on the scale of tens of meters or less (e.g., Buchanan 1966) . As a consequence, they are unlikely to generate small scale hotspots of structuring forces like the stabilizers and sedentary bioturbators (see e.g., the experiments of Lohrer et al. [2008] with a spatangoid). One exception to this is the sand dollar Dendraster excentricus which occurs in large beds but also in smaller patches (Smith 1981) . It is less mobile than most spatangoids, but does not build a burrow and actively moves up and down in the sediment in response to water flow and cycles of emersion. Its larvae settle gregariously, enhancing local densities (Highsmith 1982) ; thus, such sand dollars may be the intermediate state between sedentary bioturbators with burrows such as arenicolid polychaetes and actively moving bioturbators like the spatangoid Echinocardium cordatum (Buchanan 1966; Lohrer et al. 2005) . Obviously, at sufficient density and activity the distinction between mobile and relative sedentary bioturbators lessens because at that point the assemblages act as beds and lack such patch structure.
Axis of bioadvection
Here we argue that the probability and magnitude of porewater advection is an important axis along which alteration of the fabric of the sedimentary habitat is arrayed in addition to the axes of sedimentary stabilization versus resuspension and mobility versus temporal persistence. The essence of this axis is that organisms impact porewater dynamics with or without significant sedimentary movement and the effect is not confined to the volume immediately adjacent to the organism but rather extends laterally multiple body lengths (Wethey et al. 2008 ). This axis is scaled to size, density, and activity and thus in experimental manipulations of the system an inert structure cannot be used to mimic its dynamic nature. Polychaetes, crustaceans, and bivalves typically dominate the macroinfauna of marine sediments and engage in hydraulic activities such as burrowing, siphonal feeding on deposits, and ventilation of burrows, all of which result in porewater bioadvection. As fluid is moved into the sediment surrounding the burrow, porewater pressure increases in the immediate vicinity of the burrow and decays radially away from the source, causing porewater to flow radially away from the source (Wethey et al. 2008) . By contrast, porewater bioadvection which forces porewater out of the sediment, such as during expulsion of pseudofeces or defecation, causes a reduction of porewater pressure within the sediment. The reverse pressure gradient causes porewater to flow radially towards the pressure sink and consequently oxygenated surface waters move into the sediment through the sediment-water interface (Trueman 1966; Wethey et al. 2008; Volkenborn et al. 2010 ).
Characteristics of infauna with regard to bioadvection
Infaunal organisms exhibit two extremes as sediment dwellers, those that construct thick, continuous burrow linings and those that do not. The former live effectively in pipes and basically increase the area over which diffusional transport occurs (Aller 1980) ; the latter live in permeable burrows and thus may contribute to porewater advection, altering rates of porewater exchange (Meysman et al. 2005; Waldbusser and Marinelli 2006) . Table 1 displays six dominant functional benthic lifestyles which are expected to produce hydraulic effects and two which are not expected to do so. These encompass the majority of infaunal functional groups at least within shelf depths (Pearson and Rosenberg 1978) . Our expectations of bioadvective influence of these life styles are summarized in Table 2 . Organisms with sub-surface blind-ended burrows and that feed on the surface through quicksand columns or cracks (Wells 1945 ) (Arenicolidae) as well as very active sub-surface deposit feeders with thin linings of their burrows (some Thalassinidea) are among those expected to generate complex and forceful pressures in the sediment and thus cause bioadvection of porewater. We have characterized bioadvective forces for Arenicola marina and its pressure signals are detectable 50 cm away from unrestrained worms in the field (Wethey et al. 2008 ). These pressure fluctuations drive rapid changes in oxygenation both deep within the sediment and in the surficial sediments and, depending on the direction of pumping, flow of water into or out of the sediment (Volkenborn et al. 2010 ). What may surprise readers is the inclusion of tellinid bivalves such as Macoma nasuta and Macomona liliana among the active porewater pumpers in Table 2 . Signals generated by these tellinid bivalves are bidirectional as in arenicolid polychaetes, are detectable laterally at tens of centimeters distance in the field and like A. marina cause 
Mounds
Those with heavily lined burrows pump water only within their burrows (Waldbusser and Marinelli 2006) Included are descriptions of life habit, reported high densities, surface structures, and probable bioadvective activities. The surface structures are mounds or tubes or shells which protrude from the surficial sediment and are likely to result in physical advective forces (Huettel et al. 1996) .
both subsurface oxygenation and force porewater out of the sediment. Additionally, also like arenicolid polychaetes, the tellinid bivalves can drive oxygenation of the surficial sediments during behaviors that reduce porewater pressure and cause flow of overlying water into sediments. Both pressurization and under-pressurization change the chemical signature of the surficial sediment. Figures 1 and 2 illustrate these points. Figure 1 contains illustrative pressure signals for a tellinid, an arenicolid, and a thalassinid (for details of recording technologies, see Wethey and Woodin 2005; Wethey et al. 2008) . In all three examples there are positive pressure pulses exceeding hydrostatic baseline, the result of water being pumped by the organism into the sediment thus increasing porewater pressure. Negative pressure pulses below hydrostatic baseline are the result of water being pumped out of the sediment by an organism, typically via burrow openings into the overlying water. In the case of the tellinid bivalve, the excurrent siphon is held below the surface of the sediment so as the animal feeds or moves its siphon in the subsurface, water is pumped into the sediment yielding an increase in porewater pressure. Defecation and expulsion of pseudofeces in bivalves, both accompanied by rapid closures of valves, yield strong short negative pressure pulses below hydrostatic baseline (Fig. 1B: coughs) . The arenicolid polychaete has a feeding pocket below the sediment's surface into which it pumps water during feeding and irrigation; during burrowing and defecation it pumps water out of the sediment through the open tail shaft, resulting in negative pressures below hydrostatic baseline (Fig. 1A ).
Bioadvection and oxygen dynamics
Oxygen optode imagery allows one to visualize porewater flow in terms of oxygen dynamics within the sediment. Oxygen is particularly useful as a tracer , and a thalassinid shrimp (Callianassa biformis) (C). Dotted lines indicate the hydrostatic baseline pressure. Directional changes relative to baseline are due to differences in the direction of pumping by the animals, resulting in pressurization (pressures above hydrostatic baseline) or under-pressurization (pressures below hydrostatic baseline). Identification of behaviors is based on visual observations of time-lapse imagery. The size of signals depends on distance of the pressure sensor from the source and the hydraulic conductivity of the sediment (note differences in y-axis) as well as the size of the individual (Wethey et al. 2008; Volkenborn et al. 2010) . ''Cough'' is the signal seen during expulsion of pseudofeces in the bivalve. because it is the most reactive of the electron acceptors in porewater and thus its dynamics can reveal changes in rates of reactions within the sediment. Full details are available in Volkenborn et al. (2010) , but Fig. 2 illustrates the magnitude of the changes occurring as a result of organisms' activities. Clearly visible in Fig. 2 are two important processes (1) oxygenation of the subsurface, and (2) alteration of the chemical state of the surficial sediments either as suboxic to anoxic water exits the surface during pressurization ( Fig. 2A , B, D and E) or as overlying oxygenated water is drawn into the sediment during under-pressurization (Fig. 2C) . As can be seen for oxygen on these illustrative optode images (Fig. 2) , dramatic changes in porewater chemistry occur as a function of organisms' activities, which change on a scale of minutes (Fig. 1) . In addition to oxygen, other porewater solutes are also moved, such as silicate and ammonium, which potentially drive production rates of microphytobenthos (Marinelli 1992; Marinelli et al. 2003) . Such biogenic nutrient fluxes are likely to have community-wide effects. For example, the presence of tellinid bivalves appears to facilitate small zoobenthos (Reise 1981) and if large tellinid bivalves are excluded, microphytobenthos is reduced in contrast with predictions based on consumption . Given the typical limitation of primary productivity by N in shallowwater marine systems (Welsh 2003) , removal of tellinid bivalves may cause cessation of pressurization of sediments and thus a reduction in the ammonium flux needed by primary producers. Porewater bioadvection is not uniquely linked to sediment-reworking activities but rather is a function of hydraulic behaviors. Tellinid bivalves and arenicolid polychaetes, for example, are active organisms with hydraulic behaviors (Fig. 1) , but only the arenicolids are major bioturbators; the tellinids are not, except in sediments in which clearance of pseudofeces is frequent. In addition, as illustrated by Fig. 2C and D, given the bidirectionality of pumping behaviors of organisms, bioadvection often causes oxygenation of the surficial sediments, while sediment turnover is much more likely to yield a change to anoxic or suboxic surface chemistry, a change also associated with pressurization of the sediment by bioadvection ( Fig. 2A) . Bioadvection also occurs during sediment mixing as in bulldozing of the sediment, although in that case the fluid flow involves more mixing than directional forcing. As is illustrated by Fig. 3 , bioturbation and bioadvection occur together but bioadvection also occurs independently. Bioadvection is a potent force in the transfer of materials, given its redistribution of porewater solutes (Fig. 2) , and probably is reflected in the higher variances seen in data on subsurface solutes in areas with hydraulic activities, compared to those without (Volkenborn et al. 2007b ).
Bioadvection and transfer of heat
Bioadvection is also important in altering the transport of heat within sediments by creation both of macropores (Volkenborn et al. 2010 ) and of pressure gradients, which drive movement of fluid (Wethey et al. 2008) . If temperature differentials exist between and the tellinid bivalve M. nasuta (E). True surface of the sediment is indicated by the gray line in all panels. Scale in percent of air saturation of oxygen is given below the figure. Arrows indicate directional movements of fluids within the sediment. Sheet flow in highly permeable sediment (A) and focused flow (plumes) in sediments of low permeability (B). Under-pressurization of the sediment resulting in oxygenation of surficial sediment (C) and pressurization of the sediment resulting in deep-sediment oxygenation and movement upward of the anoxic-oxic boundary (D) (see Volkenborn et al. 2010 for details). Note: panels C and D are snapshots of the distribution of oxygen in sediment of intermediate permeability. Oxygenation of the sediment by M. nasuta near the excurrent siphon and anoxic plumes due to pressurization (E). Note species-specific scales of length.
the location of the macrofauna within the sediment and the surficial sediments or the overlying water, then heat flux into and out of the sediment will also be driven by these activities.
Heat transport caused by porewater advection in sediments can be very large, as a result of the difference between the temperature at the surface of the sediment and at the depth where animals pump water (Fig. 4) . Figure 4 illustrates both the expected and the observed thermal pattern for a sediment during three days: two sunny days and one cloudy day. The top panel is a simulation model of heat transfer for a sediment without organisms. The bottom panel is the thermal pattern across depth and time seen within a bed of the arenicolid A. pacifica at Friday Harbor, Washington, USA. Note the temporal and vertical dispersion of heat, presumably related to organisms' activities (bottom panel) versus the model results without organisms (top panel). In sediments without animals, there is conduction of heat between the surface and deeper layers, which depends upon the thermal diffusivity of the soil (K), the periodicity of the daily temperature fluctuations on the surface (!) and a phase Fig. 4 Temperature of sediments as a function of time and depth over a three-day period in summer in the intertidal zone of False Bay, Washington. Top graph is a heat-budget model derived from Ek et al. (2003) of temperature dynamics based on the meteorological conditions at low tide, sea surface temperature, and the timing of low tide [see Wethey (2002); Gilman et al. (2006) for a similar model]. Meteorological conditions were obtained from the North American Regional Reanalysis (Mesinger et al. 2006 ). Bottom graph is from Dallas-Maxim Thermochron 1921 iButton data loggers at 1. 35, 3.35, 5.75, 7.95, 10.15, 12.35, 14.55, 16 .75 cm depth in the sediment in a bed of the lugworm A. pacifica. The amplitude of temperature waves decreases with increasing depth in the sediment, and there is a lag in phase between the surface and deeper layers within the sediment. The broad dispersion of the temperature waves in the Abarenicola bed is likely due to advective heat transport by porewater pumped by the lugworms, which percolates farther than would occur by diffusion alone. Three days of daytime intertidal exposure of the bed plus intervening periods of tidal inundation are shown. Times and dates are in GMT, date tickmarks are at 00:00 GMT. constant ('). The temperature as a function of depth z and time t is:
where D is the damping depth and T a is the average temperature of the sediment.
Pumping by animals disrupts this pattern by pumping overlying water at temperature T(0,t) to depth z, where the temperature is T(z,t). This causes disruptions in the thermal waves at depth (Fig. 4) . The difference in temperature between the surface and depth, ÁT ¼ T(0,t) -T(z,t), determines the amount of heat transfer per unit volume of water pumped. Because it takes 1 cal (¼4.184 J) to change the temperature of 1 ml of water 18C, we can calculate the rate of heat transfer from the rate of pumping and the difference in temperature. Lugworms like A. marina pump at a time-averaged rate of 1.5 ml per minute (Riisgård et al. 1996) , so assuming a temperature difference at high tide of 58C between the sediment's surface and the 20 cm depth of the feeding zone (note a much greater thermal difference in Fig. 4 . Defecation of 1 ml of feces and associated water per half hour, produces a much lower rate of heat transfer since the rate of heat transfer is proportional to volume moved per time. This rate of heat transfer by the bioadvection of lugworms of 25 W m À2 is $30 times higher than the global energy imbalance of the earth, which is 0.85 W m À2 (Hansen et al. 2005) . Since the German term for the Wadden Sea intertidal flats is ''Watt,'' we call this effect the ''Watts in the Watt'' phenomenon.
Heat transfer can also occur in the opposite direction as is illustrated by Fig. 5 . Shown are temperature records from four depths within the sediment during a nocturnal low-tide exposure at Sylt, Germany. Due to nocturnal radiative cooling of the earth's surface, the shallow sediments cool faster than the sediments at greater depth. The slope of the cooling curve at all depths is punctuated by several sharp changes in slope, indicated by asterisks on the shallow 3.5 cm depth curve (Fig. 5) . These correspond to times of defecation of the neighboring A. marina which is moving sediment and water from depth to the surface, thereby causing a short thermal rise; then, following defecation, the worm reverses the direction of pumping and pumps surface water into the sediment, thus continuing the cooling trend (Fig. 5 ).
Bioadvection and sediment type
If bioadvection is a potent force restructuring the movement of materials and heat within and out of sediments, an important question is whether such bioadvective forces are restricted to a narrow range of sediments. Figure 6 contains the permeability values for constructed cores (Volkenborn et al. 2010 ) across which we have measured pressure signals of A. marina, M. nasuta, A. pacifica, Neotrypaea californiensis, and M. liliana. The permeabilities range from 9.9 Â 10 À14 to 5.9 Â 10 À11 m 2 for sites where at least one of these species was common. In the muddy sediments with permeabilities of approximately 10 À13 m 2 organisms such as the thalassinid N. californiensis, the arenicolid polychaete A. pacifica or the tellinid bivalve M. liliana are present. In the laboratory we recorded large pressure signals from individuals of N. californiensis and M. liliana in antfarms of these sediments and documented large flows of porewater (authors, unpub. data). The thalassinid Upogebia pugettensis also lives in these low permeability sediments, but builds heavily lined burrows and does not contribute significantly to porewater flow via bioadvection (Tables 1 and 2 ). In their recent review Wilson et al. (2008) reported permeabilities from cores in coastal sediments worldwide from 2.0 Â 10 À12 to 4 Â 10 À10 m 2 and stated that advection was not significant in sediments with permeabilities 51.0 Â 10 À12 m 2 . Their focus was on physical advection by waves and groundwater flows but clearly bioadvection occurs in sediments with permeabilities at least an order of magnitude below this limit (Fig. 6) .
For the purposes of applying the moniker of ecosystem engineer it is sufficient to demonstrate physical structuring of the habitat involving alteration of transfers of materials and heat by the organisms. The alteration of porewater flux by bioadvection with its impact on pressure fields and thus on the flux of solutes and heat (Figs 1-4) is clearly sufficient. These alterations are likely to drive a number of community changes, including two changes to the sediment's surface which are noteworthy: first, potential fertilization of microphytobenthos with porewater solutes such as silicate and ammonium (Marinelli 1992; Marinelli et al. 2003) and second, alteration of the chemical signature of the sediment's surface and thus of recruitment dynamics (Woodin et al. 1998; Marinelli and Woodin 2004) . The latter has been examined in light of biotic disturbances of sediments' surfaces either by removal of the surface layer (e.g., feeding tracks) or by deposition of a subsurface layer on the surface (e.g., burrow tailings or feces) (Woodin et al. 1995 (Woodin et al. , 1998 . However, new recruits also rejected sediments whose surfaces were perfused with seawater with elevated levels of ammonium and which thus were chemically altered without disruption of the sediment's fabric (Woodin et al. 1998; Marinelli and Woodin 2004) , similar to what occurs during pressurization of the sediment with or without sediment turnover ( Fig. 2A, B, D and E). Recruits of macrofauna respond to the chemical signature of the sediment's surface (Woodin et al. 1998; Marinelli and Woodin 2002, 2004) , and the phytobenthos responds positively to areas of porewater flow (e.g., Marinelli et al. [2003] but see Hewitt et al. [2006] ). As a result of these effects we expect strong feedbacks from bioadvection to sedimentary ecosystem structure to benthicpelagic flux, and to the dynamics of sedimentdwelling populations.
